. RNA fingerprinting has revealed that the rat-specific sequences in the HSV genome are highly related to those in rat-endogenous retroviruses (21).
Harvey sarcoma virus (HSV) is a mammalian retrovirus which generates fibrosarcomas and lymphosarcomas in mice and rats and is able to induce morphological transformation of murine and rat fibroblasts upon infection in vitro. HSV was initially isolated from a lymphosarcoma occurring in a Chester-Beatty rat (12) which had been experimentally infected with Moloney murine leukemia virus (Mo-MuLV). Mo-MuLV is a retrovirus with biological properties quite distinct from HSV. Mo-MuLV can induce thymic lymphomas in rats and mice, but cannot induce sarcomas in vivo or transformation of fibroblasts in vitro. There is strong evidence that HSV originated in the rat as the result of genetic recombination between Mo-MuLV and nucleotide sequences endogenous to the rat genome. Liquid hybridization experiments have shown homology between HSV RNA and both MoMuLV RNA and rat cell DNA (18) . RNA fingerprinting has revealed that the rat-specific sequences in the HSV genome are highly related to those in rat-endogenous retroviruses (21) .
Fibroblasts infected solely with HSV become transformed but will not release infectious virus. The replication defectiveness of HSV derives from the absence of genes coding for virion structural proteins. Infection of HSV-transformed "nonproducer" cells with a replication-competent retrovirus, such as Mo-MuLV, results in the release of infectious HSV particles, this process being termed HSV "rescue" by "helper virus" (Mo-MuLV) infection.
Several studies have demonstrated that retrovirus DNA can display biological activity when applied to susceptible fibroblast cultures. Integrated avian sarcoma virus DNA will transform chicken embryo fibroblasts upon transfection (6) , and integrated Moloney sarcoma virus DNA can transform murine fibroblast cultures (15) .
We report here that unintegrated HSV DNA can induce focal transformation upon transfection of murine fibroblasts and that the establishment of transformation after DNA transfection proceeds by a mechanism which is independent of viral replication. Our findings are in agreement with published findings of others (17) .
Additionally, we report that infectious HSV DNA has a mass of 6.0 kilobase pairs (kbp), and we present a physical map of restriction endonuclease cleavage sites along this DNA.
MATERIALS AND METHODS (22) .
To purify HSV linear DNA away from helper MuLV DNA, linear DNA as prepared above was subjected to preparative agarose gel electrophoresis, and a region in the gel containing DNA from 5.3-to 6.7-kbp mass was excised. DNA was recovered either by dissolution of the gel in saturated potassium iodide followed by two cycles of centrifugation in KI isopycnic gradients (3) or by dissolution of the gel in sodium iodide followed by binding the DNA to glass powder (28) .
Cleavage of DNA with restriction endonucleases. EcoRI endonuclease was a gift of C. Tabin. Digestion was performed at 1 to 50 Lg of DNA per ml of 50 mM NaCl-10 mM Tris (pH 7.4)-10 mM MgC12 for 1 h at 37°C.
All other endonucleases were obtained from New England Biolabs and were used according to the supplier's assay conditions.
Preparation of viral RNA. Viral RNA was prepared according to the published procedure (16 500 jiM TTP was added. After 2 h at 37°C, the template was digested by diluting the mixture into 20 mM EDTA-0.3 N NaOH and incubating it for 2 h at 370C. cDNA was passaged through Sephadex G-50 equilibrated with 30% NH40H (2) . The void volume was evaporated and redissolved in a small volume of water. Conversion of cDNA to doublestranded DNA was performed by using a modification of the Summers procedure (25) as previously described (2) , except that the reaction mixture had cDNA (4 ,ug/ ml) and limit DNase-digested calf thymus DNA primer (800 jig/ml).
Polyacrylamide gel electrophoresis of denatured DNA. Double-stranded DNA samples were denatured by boiling them for 3 min in 90% formamide- 10 (30) .
The faster migrating species has 6.0-kbp mass. This species presumably represents HSV linear double-stranded DNA, since it is absent in cells infected solely by helper virus and is approximately twice the mass of HSV 30S virion RNA (21) .
The viral components in closed circular DNA ( (11, 13, 20, 30) .
We wished to demonstrate the presence of biologically active linear HSV DNA in these DNA preparations and, furthermore, to show that this activity is associated specifically with the 6.0-kbp viral DNA species. Tissue culture plates containing subconfluent NIH 3T3 cells were treated with calcium phosphate-precipitated unintegrated linear DNA. After exposure, the cells were trypsinized and seeded onto larger plates to allow for several generations of cell growth before confluence. The cultures were (data not shown). By so doing, we were able to estimate the specific biological activity of unintegrated HSV DNA at 5 x 105 focus-forming units per ,ug of HSV DNA. This level of biological activity is quite close to the infectious activity of Mo-MuLV unintegrated linear DNA (22) and is 100-to 1,000-fold greater than the biological activity of transforming subgenomic DNA fragments synthesized in vitro from Moloney sarcoma virus (2) .
To test whether the focus-forming and plaqueforming activities in the DNA preparation represent physically separable entities, three 60-mm plates of subconfluent NIH 3T3 cells were transfected with 45 ,ug of Hirt supernatant DNA extracted from recently infected cells, and, subsequently, the cultures were split onto 144 small plates. Twenty of these cultures later became transformed. Of these 20 transformed cultures, 13 were releasing transforming virus and had presumably been infected with both HSV DNA and MuLV. HSV could be rescued from the seven nonproducer transformed cultures by infecting them with Mo-MuLV, demonstrating that only the HSV genome had become established within the cells of these nonproducer cultures. This result strongly suggests that HSV linear DNA can induce transformation upon transfection without the aid of helper MuLV functions.
To determine the size of infectious HSV DNA, linear DNA from HSV-infected cells was sedimented through a neutral sucrose gradient. Samples of fractions collected from the gradient were used in DNA transfection experiments, and the amounts of biologically active HSV and MuLV DNAs were quantitated by focus and XC plaque assays. Samples from gradient fractions were also analyzed by electrophoresis and Southern filter hybridization as described earlier. Figure 2 presents the data from gradient fractions 7 through 10, which, by transfection and electrophoretic analysis, were found to contain virtually all of the viral DNA. Fraction 8 contained significant amounts of both the 6-kbp and the 9-kbp viral DNAs, whereas fraction 9 was substantially enriched for the 6.0-kbp DNA species. The transfection experiments showed that fraction 9 was approximately 10-fold enriched for biologically active HSV DNA as compared with fraction 8. Figure 4 shows the alignment of the detected cleavage fragments along the genomic map of HSV. HSV 6.0-kbp DNA is shown in Fig. 3A 800 bases from one end of the full-length DNA. The 1.4% agarose gel used in Fig. 3A was not capable of resolving double-stranded DNA fragments smaller than about 1 kbp, so we could not determine whether Bam makes any additional cleavages within this 800-base pair region. With a 2% agarose gel, Bam digestion gave rise to one large fragment and a 850-base pair fragment (Fig. 3C , lane f). Therefore, Bam made only one cut in the HSV DNA.
Digestion of 6.0-kbp DNA with EcoRI generated only a 3.0-kbp DNA species (Fig. 3A , lane e), whereas consecutive cleavage with EcoRI and Bam generated 3.0-and 2.2-kbp species (Fig.  3A, lane f) . These results demonstrate that EcoRI cleaved 6.0-kbp DNA once at a site close enough to the middle that the resulting two fragments comigrated upon electrophoresis.
Digestion of 6.0-kbp DNA with Xba (Fig. 3A,  lane b; Fig. 3B , lane c) resulted in two detectable fragments of 3.2 and 2.2 kbp. From analysis of Xba + EcoRI (Fig. 3A, lane c) and Xba + Bam (Fig. 3B, lane a) digestions, we could infer that Xba makes cuts near either end of 6.0-kbp DNA, giving rise to two fragments with sizes of approximately 300 base pairs each. Therefore, XbaI cleaved HSV linear DNA three times, generating four fragments. Figure 5 presents the physical map of the cleavage sites for the five restriction endonucleases described above. For any of the endonuclease cleavage reactions with one or two enzymes, all of the fragments predicted by the map were either directly observed or, in the case of fragments smaller than 400 base pairs, inferred on the basis of at least two independent pieces of data.
To obtain the orientation of the HSV DNA sultant products were analyzed by polyacrylamide gel electrophoresis. The undigested in vitro DNA product had a broad size distribution ( Figure 6, lane a) . Digestion with Xba generated a prominent 190-base pair DNA species (lane b), Sma generated a 50-base pair species (lane d), and both endonucleases together yielded 50-and 140-base pair DNA species (lane c). These results demonstrate that after initiation at the RNA 3' end, reverse transcription reached an Sma cleavage site after 50 bases and an Xba cleavage site after an additional 140 bases of synthesis. Therefore, the physical map of HSV 6.0-kbp DNA shown in Fig. 5 reads left to right with respect to the 5'-3' polarity of the RNA.
E. Gilboa, S. Goff, A. Shields, F. Yoshimura, S. Mitra, and D. Baltimore (Cell, in press) have shown that full-length Mo-MuLV DNA synthesized in vitro by using detergent-permeabilized virions also has cleavage sites for Xba and Sma at both ends within the DNA terminal redundancy. The positions of these cleavage sites are similar to those here observed for HSV DNA. To test whether the 3' ends of the HSV and MoMuLV genomes have identically located Sma and Xba sites, Mo-MuLV oligo(dT)-primed cDNA was prepared and analyzed as described above. Electrophoretic analysis (Fig. 6, lanes d  through h) demonstrated that Mo-MuLV DNA has 3'-end-specific Sma and Xba cleavage sites positioned identically to those found in HSV DNA. This result strongly suggests that the MoMuLV RNA sequence at the 3' end which codes for the DNA terminal redundancy was acquired by HSV during its generation within the MoMuLV-infected rat, a finding which is in accord During the course of restriction endonuclease digestion analysis of HSV 6.0-kbp DNA, the enzymes BglII, HhaI, HindIII, and TaqI were all found to cleave HSV DNA more than once. Additionally, 6.0-kbp linear DNA was apparently uncleaved by digestion with the enzymes XhoI and SalI (data not shown). To rule out the possibility that cleavage by these two enzymes escaped detection because their cleavage sites were very close to the ends of the linear DNA, HSV closed circular DNA was analyzed for its susceptibility to cleavage by these enzymes. Closed circular DNA extracted from HSV-infected cells contained two MuLV DNA species and two faster-migrating HSV DNA species (Fig. 7, lane a) coma virus (13) , mouse mammary tumor virus (20) , and spleen necrosis virus (9) . Closed circular DNA forms have been reported for MoMuLV (30), avian sarcoma virus (11) , and mouse mammary tumor virus (20) . We conclude that the pathway of retrovirus DNA synthesis and maturation is similar whether the viral proteins participating in these events are coded for by the viral genome itself or by a complementing helper virus. HSV originated as a result of recombination between Mo-MuLV and rat genetic information (21) . The DNA restriction endonuclease mapping described here demonstrates that HSV acquired the 3'-end sequences of Mo-MuLV RNA which encode the DNA terminal sequence redundancy. Recently, Chien et Unintegrated HSV linear DNA is biologically active upon transfection at the same high efficiency previously observed for the infectivity of Mo-MuLV DNA (22) . The biological activity of HSV DNA does not require any of the replication functions provided by a competent helper virus (7) . In a subsequent paper, we will show that cells transformed by transfection with HSV DNA acquire an integrated rescuable provirus. Therefore, the integration of HSV DNA can proceed without the aid of virion proteins and, quite likely, without need for any virus-coded proteins at all. Furthermore, since HSV is replication defective, HSV DNA must establish an infectious center by direct integration of the transfecting molecule into the chromosome of the recipient cell.
This picture stands in sharp contrast to the DNA transfection mechanism proposed for avian sarcoma viruses (5). Avian sarcoma virus DNA applied to cells by transfection cannot establish a stable infection in the primary recipient cell. Rather, such a recipient cell must allow for the synthesis of virus particles, which, via secondary infection, establish a stable infectious center. In this case, one assumes that the transfecting DNA molecule serves as template for RNA transcription, and the resulting transcripts are subsequently packaged into infectious virus particles, the spread of which results in the establishment of transformation.
The high efficiency of transformation upon HSV DNA transfection is likely due to the existence of terminally redundant DNA sequences which are common to all retrovirs linear DNAs (13) . Transformation upon transfection with subgenomic fragments of Mo-MSV DNA synthesized in vitro and lacking the redundant ends occurs at a 100-to 1,000-fold lower efficiency (1 X 103 to 5 x 103 focus-forming units per ,ug) (2) than with HSV linear in vivo-synthesized DNA. We speculate that the redundant ends of viral DNA do not promote the entrance of transfecting molecules into the cell. Rather, we believe that the end sequences may allow for a high efficiency of DNA integration and permit a high efficiency of transcription of the viral DNA once it has become integrated.
